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FIB and MIP: Understanding Nanoscale Porosity in Molecularly 
Imprinted Polymers via 3D FIB/SEM Tomography 
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a
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 b
 C. J. Allender,
 b
 P. Walther,
 c
 B. Mizaikoff,
 a* 
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We present combined focused ion beam/scanning electron beam (FIB/SEM) tomography as innovative method for 
differentiating and visualizing the distribution and connectivity of pores within molecularly imprinted polymers (MIPs) and 
non-imprinted control polymers (NIPs). FIB/SEM tomography is used in cell biology for elucidating three-dimensional 
structures such as organelles, but has not yet been extensively applied for visualizing the heterogeneity of nanoscopic pore 
networks, interconnectivity, and tortuosity in polymers. To our best knowledge, the present study is the first application of 
this strategy for analyzing the nanoscale porosity of MIPs. MIPs imprinted for propranolol - and the corresponding NIPs - 
were investigated establishing FIB/SEM tomography as a viable future strategy complementing conventional isotherm 
studies. For visualizing and understanding the properties of pore networks in detail, polymer particles were stained with 
osmium tetroxide (OsO4) vapor, and embedded in epoxy resin. Staining with OsO4 provides excellent contrast during high-
resolution SEM imaging. After optimizing the threshold to discriminate between the stained polymer matrix, and pores 
filled with epoxy resin, a 3D model of the sampled volume may be established for deriving not only the pore volume and 
pore surface area, but also to visualize the interconnectivity and tortuosity of the pores within the sampled polymer 
volume. Detailed studies using different types of cross-linkers and the effect of hydrolysis on the resulting polymer 
properties have been investigated. In comparison of MIP and NIP, it could be unambiguously shown that the 
interconnectivity of the visualized pores in MIPs is significantly higher vs. the non-imprinted polymer, and that the pore 
volume and pore area is 34 % and approx. 35% higher within the MIP matrix. This confirms that the templating process not 
only induces selective binding sites, but indeed also affects the physical properties of such polymers down to the 
nanoscale, and that additional chemical modification, e.g., via hydrolysis clearly affects that nature of the polymer.
Introduction 
3D structural information at the micro- and nanoscale of any 
material including electrodes in fuel cells and batteries,
1,2
 
adsorption materials for chromatography,
3
 and functional 
polymers
4
 is a key prerequisite for understanding their chemical, 
physical, and physico-chemical behavior. Among functionalized 
polymers, molecularly imprinted polymers (MIPs) have gained 
significant interest as tailorable, selective, and synthetic receptor 
materials based on highly cross-linked polymeric networks with 
applications as biomimetic recognition elements in 
chem/biosensors and pseudo-immunoassays,
5,6
 as synthetic carrier 
material in drug delivery,
7
 or as stationary phase in liquid 
chromatography and in solid phase extraction
8,9
. The synthesis of 
MIPs comprises the co-polymerization of suitable functional 
monomers in the presence of a target molecule (i.e., template) with 
a cross-linker, thereby ‘imprinting’ the functionality – and to a 
lesser extent the size and shape - of the template into binding sites 
of the generated 3D polymer architecture.
10,11
 Due to the presence 
of the template during polymerization, it is expected that selective 
binding sites are obtained and the porosity of the material is likely 
to be altered after removal (i.e. extraction) of the usually low 
molecular weight template molecules. Besides the influence of the 
template removal step, we intentionally performed partial 
hydrolysis of the cross-linked polymer matrix for increasing the 
efficiency of template removal, and to improve accessibility of the 
resultant binding sites in the shown example here. This was 
achieved by preparing MIPs using two different cross-linking 
monomers. The criteria for selecting these monomers was that 
after the polymerization cross-links arising from one monomer 
could be selectively cleaved in the presence of a second monomer. 
The two monomers selected were divinylbenzene (DVB) and 
ethylene glycol dimethacrylate (EGMA) (see Table S1), since the 
ester cross-link resulting from the polymerization of EGMA could 
readily be hydrolyzed at conditions that would not affect the DVB 
cross-link. Polymer macroporosity is an important factor influencing 
in defining both binding capacity and kinetics.
12
 MIP performance is 
therefore not only dependent on the properties of the binding sites, 
but also on their accessibility, which is largely determined by the 
nature of the pore network including its interconnectivity, pore size 
distribution, and tortuosity. Hence, these parameters are relevant 
for tailoring and deliberately controlling the performance 
characteristics of MIPs. Typically, MIPs are described by their 
binding capacity, binding selectivity and imprinting efficiency, which 
are bulk parameters and do not provide any structural information 
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on the actual polymer matrix. The efficacy of a MIP is frequently 
reported in terms of its ability to selectively bind its template 
beyond that of a control polymer, i.e., a non-imprinted polymer 
(NIP), which is synthesized at the same conditions as the MIP, but in 
absence of a template. While it is usually anticipated that both, MIP 
and NIP exhibit similar physical properties as documented in a 
wealth of literature on synthesis and application of MIPs, only few 
studies are concerned with a detailed characterization of the pore 
network and pore connectivity within these materials, and how 
much MIP and NIP are indeed alike.
13,14
 Even after exhaustive 
extraction, template molecules may be retained within the polymer 
matrix,
12
 which indicates that either template molecules may be 
completely embedded into the polymer matrix or that the pores are 
not sufficiently interconnected for facilitating complete extraction. 
In general, pores are classified as macropores (diam. >50 nm), 
mesopores (diam. 2–50 nm), and micropores (diam. <2 nm). 
Conventionally, polymer porosity and structure is investigated using 
methods such as gas-phase adsorption isotherms (e.g., nitrogen) 
such as Brunauer-Emmett-Teller (BET) isotherms,
15
 Barrett-Joyner-
Halenda (BJH) isotherms,
16
 and mercury porosimetry,
17
 are 
recorded for deriving structural information including surface area 
and pore size distribution in MIP/NIP material.
18
 While these 
methods have proven extremely useful in exploring polymer 
structure, they are fundamentally indirect approaches with data 
susceptible to over analysis and artifactual outcomes.  Transmission 
electron microscopy (TEM) and high-resolution SEM are frequently 
applied for characterizing MIPs and NIPs in respect to particle size, 
size distribution, and for analyzing MIP composite particles (e.g., 
magnetic MIPs),
19
 but so far no detailed structural information on 
the actual pore structure has been provided by these techniques. 
Information on porosity and interconnectivity at the micro- 
and nanoscale for various materials is accessible via methods 
such as µ-computer tomography (µCT), x-ray tomography, TEM 
tomography, and tomography using focused ion 
beam/scanning electron microscopy (FIB/SEM)
20
. FIB/SEM 
tomography has gained in popularity and importance on the 
basis that large sections of a sample may be reconstructed. 
This is in contrast to techniques such as TEM tomography, 
where only small sections of a sample can be analyzed.
21
 
Furthermore, signal absorption is not a limiting factor as 
compared to x-ray-based techniques.
22
 FIB/SEM tomography 
has become an indispensable tool in many research areas 
ranging from characterizing ceramics, metals and alloys, rocks 
and minerals, fuel cell materials, and even biological specimen 
such as cells. 
23-27
 State-of-the-art FIB/SEM dual beam 
instruments facilitate such studies with a spatial resolution 
down to approx. 1 nm even in materials with low densities 
containing predominantly elements with low atom numbers 
including polymers or biological samples. However, 
appropriate sample preparation strategies are a prerequisite. 
For biological systems, sample preparation is mainly 
performed by high-pressure freezing, freeze substitution, and 
epoxy embedding (e.g., Epon), as described by Walther and 
Ziegler.
28
 To the best of our knowledge, FIB/SEM tomography 
have to date only be used for characterizing polymer nano-
composite materials (i.e., halloysite nanotube (HNT) 
polypropylene composites),
29
 but has not yet been applied to 
investigate the porosity, interconnectivity, and tortuosity of 
functional polymers such as MIPs. Even less so for a 
comparison with their non-imprinted analogues, i.e., NIPs. The 
enhanced template selectivity of a MIP compared to a NIP is 
assumed to result from the generation of template-specific 
binding sites resulting from a templating process entailing 
capture and removal of a molecular species during pre-
polymerization self-assembly, polymerization, and template 
removal, while largely ignoring potentially significant 
differences in polymer morphology, i.e., properties of the pore 
network when comparing MIP with NIP. 
 
In the present study, we focus on this aspect, and introduce 
FIB/SEM tomography (Fig. 1) as a method for analyzing and 
comparing the structural properties of a MIP and NIP, which is 
demonstrated for propranolol-imprinted polymers and their 
respective NIP controls. Propranolol is a beta-blocker 
commonly serving as model template in molecular imprinting 
studies.
30–32
  
Results and discussion 
During the studies presented herein, eight different polymers (i.e., 
M0, MH0, N0, NH0 and M40, MH40 and N40, NH40), which 
composition is provided in Table S1, have been investigated. For all 
MIPs and NIPs, DVB was used as cross-linker. For M40 and N40, 
40% EGDMA was added to the polymerization mixture. MH0, NH0, 
MH40, NH40 reflect polymers, which were hydrolyzed after the 
polymerization process. Hydrolysis should effectively induce 
changes within the EGDMA cross-linker backbone, and increase the 
accessibility to binding sites. 
Fig. 1 a) Schematic of the ‘slice-and-view’ procedure in FIB/SEM tomography. After 
preparation of a trench within a polymer particle, a SEM image of the front of the 
prepared block is recorded. Then, material at the front is removed by FIB milling again 
followed by collection of a SEM image. These two steps are then repeated 
automatically (i.e., slice-and-view). b) SEM image of the trench prior to FIB/SEM 
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tomography. c) SEM image of the front face of the cross-section revealing the Os-
loaded polymer (bright) and Epon-filled pores (dark). 
Swelling behavior of MIPs and NIPs 
In fluids, MIPs and NIPs may swell differentially depending on 
the solvent and the composition of the imprinted and non-
imprinted polymer.
33-35
 Therefore, in a first-step the swelling 
behavior of these materials was investigated, as a difference in 
the resulting overall volume of MIP and NIP may also result in 
variations of the associated pore space. As Epoxy resin is liquid 
prior to polymerization, MIP0 and NIP0 particles were soaked 
in liquid resin. Then, the polymer particles were placed on a 
transparent grid, and classified in size using a light microscope 
before and after embedding. The analysis of small changes in 
volume for irregularly shaped polymer particles vs. spherical 
structures is challenging, and only significant differences (at 
least approximately 25%) are readily detectable. Although this 
is only an estimate, two important facts may be derived: (i) the 
change in volume is moderate for all polymer particles; (ii) 
there was no detectable difference in swelling behavior of the 
MIP and corresponding NIP when embedded in Epon epoxy 
resin.  
Contrast and thresholding in FIB/SEM tomography  
Staining procedures with osmium tetroxide are frequently 
used, if SEM contrast of the sample is poor (e.g., polymers, 
biological samples, etc.). Staining the polymer particles 
enhances the brightness in SEM images of MIP and NIP due to 
the osmium modification of the double bonds,
36
 which in 
contrast is not occurring in the epoxy resin (Fig. 1 & Fig. 2 a). 
Therefore, MIP and NIP polymer matrices may be clearly 
distinguished from epoxy filling the pore space, although no 
sharp boundaries are observed (Fig. 2a). The obtained images 
appear to reveal a smooth transition in grey values in contrast 
to similarly embedded biological samples.
21
 The application of 
a band pass filter when processing the collected image stacks 
in post image treatment enhances the contrast and the 
brightness, and removes shadowing effects appearing during 
image acquisition (Fig. 2b).  
The histograms of the image stacks reveal a unimodal 
distribution (Fig. 2c); hence, defining a useful threshold value 
for image segmentation is essential. The brightness of a pixel 
in the SEM images depends on the amount of Os within the 
sampled volume, which relates to the amount of stained 
polymer. The pixel is brightest, if the sampled volume solely 
consists of stained polymer, and appears increasingly darker if 
the amount of pore space increases relative to the amount of 
stained polymer within the same interaction volume of the 
electron beam. In order to determine a useful threshold value, 
herein pixels with grey values of zero were defined as pure 
pore space, and the maximum of the histogram (100%) was 
defined as pure stained polymer. The threshold was then 
selected as the grey value corresponding to sampling approx. 
50% pore space and 50% stained polymer (Fig. 2c). An example 
of a correspondingly binarized image after application of the 
threshold with pores marked in black and stained polymer in 
white is shown in Fig. 2 d).  
Fig. 2 Image processing of collected SEM image stacks. a) Raw SEM image of 
MIP0; b) same image after application of a band pass filter; c) histogram of the 
entire data image stack for MIP0 after application of a band pass filter revealing 
an almost unimodal distribution of grey values. Peaks at grey value 0 and 255 
result from the auto-saturation during application of the band pass filter. The red 
line indicates the maximum of the histogram. All grey values brighter than the 
peak value are assumed to represent probed volume consisting only of stained 
polymer. Darker grey values represent a mixture of stained polymer and epoxy 
resin. The blue line corresponds to half the grey value of the red line, and 
therefore indicates 50/50 stained polymer/epoxy resin within the probed 
volume. This value was used as threshold value. D) Image after binarization with 
the obtained threshold with the stained polymer matrix now shown in white, 
and the pore space shown in black.  
 
 
 
FIB/SEM tomography procedure 
In a next step, ‘slice-and-view’ was performed within a volume 
of 2.5 x 2.5 x 0.73 µm at a resolution of 3.57 x 3.57 x 5 nm (i.e., 
voxel size). The obtained SEM images were then stacked and 
aligned as described in the experimental section. Typically, 
MIPs and NIPs are investigated by BET studies, and the 
relevant parameter describing selective binding is the so-called 
imprinting factor. However, neither BET data nor the 
imprinting factor provides information on the porosity and the 
interconnectivity of pores, which should significantly influence 
not only the removal of the template molecule, but also the 
physical and chemical behavior of the polymer. Clearly, specific 
binding sites, which are in size roughly on the order of 
magnitude of the template molecules, cannot be resolved with 
the approach presented here. However, porosity and pore 
interconnectivity on the order of magnitude of several 
nanometers can be discriminated, as the resolution of state-of-
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the-art FIB/SEM tomography is < 10 nm/pixel
37
. The 
investigations herein reveal significant differences between 
MIPs and NIPs, which are summarized in Table 1; the pore size 
distribution plots are shown in Fig. 3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Table 1: Summary of pore volume and surface area measurements as determined via FIB/SEM tomography data. The total sampled volume of each data set was 4.56 
µm³. MIP0 and NIP0 were pure DVB-based polymers; MIPH0 and NIPH0 were pure DVB-based polymers hydrolyzed after polymerization; MIPH40 and NIPH40 were 
polymers comprising a mixture of 60:40 DVB:EGDMA as cross-linker, which were also hydrolyzed after polymerization. Details are given in the experimental section. 
 
Characterization of the pore space 
As summarized in Table 1, the total pore volume visualized for 
all three investigated MIPs is significantly larger than for their 
non-imprinted counterparts ranging from 0.74 µm³ (MIP0) to 
0.61 µm³ (MIPH40) within the sampled volume of 4.56 µm³. 
The corresponding NIPs range from 0.49 µm³ to 0.43 µm³, and 
contain approx. 0.2 µm³ less pore volume than the MIPs. In 
MIPs, the amount of pore space relative to the total sampled 
volume is approx. 5% higher than in the NIPs. A similar trend is 
observed for the pore surface area for pure DVB MIP/NIP 
polymers. For hydrolyzed MIPs/NIPs using DVB/EGDMA 
mixtures as cross-linker, the total surface area is almost the 
same, although the total pore volume appears to be different. 
NIPH40 contains more than twice as much individual, not-
connected pore space compared to MIPH40. These are 
necessarily smaller pores than those within MIPH40, as 
otherwise the total pore volume should be higher and not 
smaller. The general trend of NIPs revealing smaller pore sizes 
compared to MIPs is clearly evident when plotting the pore 
size distribution, as shown in Fig. 3.  Rebinding studies shown 
in Figure S2 (MIP40 and NIP40) clearly result in higher binding 
efficiency for MIP in comparison with the NIP. 
Fig. 3 Pore size distribution obtained by FIB/SEM tomography represented as cumulative pore volume vs. pore diameter. The minimum resolvable diameter in pore 
size is approx. 7 nm; pores smaller than that may occur in the sampled volume but cannot be resolved in the presented study. A higher total pore volume of the MIPs 
relative to their non-imprinted counterparts as is clearly evident. Likewise, larger pores are resulting for each investigated MIP/NIP pair. Hydrolyzed MIPs and NIPs 
containing EGDMA reveal lower total pore volumes, and significant smaller pore sizes compared to MIPs/NIPs containing no EGDMA.  
 
Interconnectivity of pores 
In Fig. 4 and 5, the pore space is visualized in a line of sight 
along the z-axis (see also explanatory videos in the supporting 
information). Images a) and b) in Fig. 4 and 5, respectively, 
show completely isolated pores within the sampled volume, 
which are marked in red. These pores have no connection 
within the sampled volume. It is clearly evident that in the 
non-imprinted polymers (Fig. 4b), the number of isolated 
pores is significant higher in comparison to the imprinted 
polymer (Fig. 4a), where only a small fraction of the pore space 
is isolated. It has to be noted that the achievable resolution in 
the present study was approx. 7 nm due to application of a 
constrained smoothing filter during 3D image processing. 
 MIP0 NIP0 MIPH0 NIPH0 MIPH40 NIPH40 
Total volume [µm
3
] 0.74 0.49 0.70 0.48 0.61 0.43 
Total surface [µm
2
] 138.65 90.63 159.73 96.77 171.84 179.37 
Pore space [%] 16.2 10.8 15.4 10.6 13.3 9.5 
Area per polymer volume 
[µm
2
/µm
3
] 
30.41 19.88 35.04 21.23 37.69 39.35 
Number of individual pores 14164 9260 17500 8132 34431 73800 
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Hence, only pore spaces > 7nm can be visualized. Large pore 
volumes created by a local interconnection of pore spaces are 
highlighted in Fig. 4 and Fig. 5 c) and d), respectively, in 
different colors. All voxels that share the same color are 
connected in three dimensions within the sampled volume. 
Purely DVB-based MIPs are characterized by large pores, which 
apparently form well-connected pore networks extending 
across the entire sampled volume (Fig. 4c and 5c). (For 
individual comparisons see Fig. S3-S5). KOH in the 
methanol/water mixture applied for hydrolysis should only 
affect EGDMA-containing polymers. However, it appears that 
hydrolysis is also influencing the interconnectivity of the pore 
space. As evident in Fig. 5d, the pores within the hydrolyzed 
DVP/EGDMA-based MIP (MIPH40) are significantly less 
interconnected compared to MIP0 and MIPH0. However it 
appears that the visualized network is still more 
interconnected than all pore networks within the sampled 
NIPs (Fig. 4d, see also supporting information). The relative 
percentage change in pore space between MIPH40 and NIPH0 
is approx. 28%. Notably, the pore space within the NIPs is 
clearly less connected compared to the respective MIPs, which 
are apparently characterized by distinct pore networks, at 
least within the sampled volumes. Evidently, MIPs still contain 
a significant number of isolated pores potentially containing 
non extracted template molecules, which is consistent with 
previous findings by Meier et al..
12
 
Fig. 4 3D visualization of pore space presented in transparent blue for MIP0 in a) 
and c), and NIP0 in b) and d). The highlighted pores in red color shown in a) and 
b) represent pore space, which is isolated within the sampled volume. None of 
these pores have a connection to the front facet of the sampled volume. In c) 
and d), large interconnected pore spaces marked with the same color with 
sections that are connected to each other, and to the front facets. c) shows the 
MIP network, which is distributed within the entire sampled volume. NIP pore 
networks marked in d) clearly reveal smaller interconnected areas. 
 
 
MIP and NIP pairs were synthesized following the same 
protocol with the only difference that propranolol - the 
template molecule - was present or absent during the 
polymerization reaction. As a pre-polymerization complex 
involving the template molecule is formed during MIP 
synthesis prior to the actual polymerization, which is not 
formed in absence of the template molecule (i.e., synthesis of 
NIPs), polymers with less interconnected pore spaces are 
resultant.   
The template and/or the formation of pre-polymerization 
complexes appear to affect locally the radical polymerization 
process. Thus, it is hypothesized that cross-linking within the 
polymer matrix is affected giving rise to the observed 
structural differences in porosity of MIP and NIP, respectively.  
 
Although only pore spaces > 7 nm can be visualized by 
FIB/SEM tomography in the present study, evident differences 
in pore interconnectivity have readily been shown. 
Consequently, next to differences observed in MIPs and NIPs 
during evaluation of their binding resulting from the actual 
‘imprinting’ procedure, differences in local porosity and 
accessible surface area cannot be neglected. Especially, it 
appears that not only the surface area of the pores, but also 
their interconnection are important factors affecting the 
amount of template molecules, which can be bound or 
adsorbed by the respective polymer matrix. This important 
aspect should clearly be considered, if MIPs and NIPs are 
compared in terms of their binding behavior. 
Fig 5. 3D visualization of pore space presented in transparent blue for MIPH0 in 
a) and c), and MIPH40 in b) and d). The highlighted pores in red color shown in a) 
and b) show pore space, which is isolated within the sampled volume. None of 
these pores have a connection to the front facet of the sampled volume. In c) 
and d), large interconnected pore spaces are marked with the same color with 
sections that are connected to each other, and to the front facet. MIPH0 pore 
space marked in c) shows a network, which is distributed among the entire 
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sampled volume similar to the scenario in Fig. 4 c). The MIPH40 networks 
marked in d) clearly indicate the change induced by hydrolysis of the polymer. 
 
BET/BJH measurements vs. FIB/SEM tomography 
The most commonly applied methods for pore space 
investigations of MIPs and NIPs are BET and BJH studies. Both 
methods provide access to the total pore volume and surface 
area of the samples, which may also be derived via FIB/SEM 
tomography, as shown herein. However, a direct comparison 
and correlation of the data achieved by BET/BJH and FIB/SEM 
tomography is difficult, because BET/BJH data are usually 
related to mass, whereas tomography data are related to the 
sampled volume. Hence, for a useful comparison precise 
knowledge on the density of the polymer material is usually 
required. Alternatively, the pore space distribution functions 
may be derived for both data sets, as shown by Keller et al.,
26
 
thereby facilitating a direct comparison of BET and FIB/SEM 
tomography data without a priori knowledge on the material 
density. Within the achievable FIB/SEM resolution, both data 
sets align well, with the differences attributed to the limited 
resolution in FIB/SEM tomography. As anticipated, volume and 
surface are data derived from FIB/SEM tomography 
underestimates the true pore space, as pores < 7 nm are not 
considered in contrast to BET/BJH. In turn, BET/BJH 
measurements may overestimate the pore volume/surface 
area, as the sample surface is included as well. A notable 
difference between both methods is the amount of sampled 
volume. The sample volume addressed in FIB/SEM 
tomography is comparatively small (herein, approx. 4.56µm³), 
whereas BET/BJH measurements are derived from significantly 
larger amounts of material. Hence, while each method has its 
merits and limitations, only FIB/SEM tomography provides 
information on the internal structure of a pore network 
including connectivity, pore space distribution, and even pore 
orientation in three dimensions, which fundamentally 
contributes to a detailed understanding of functional materials 
such as molecularly imprinted polymers at a nanoscale.  
Conclusions 
To the best of our knowledge, FIB/SEM tomography has not 
been used to date for investigating the distribution and 
interconnectivity of pores within molecularly imprinted 
polymers (MIPs), and their non-imprinted counterparts (NIPs). 
Staining MIP and NIP polymer particles with OsO4 vapor 
provides useful contrasts for high-resolution electron 
microscopy imaging readily enabling the discrimination 
between pore space and polymer matrix. Herein, a strategy 
was developed, which allows investigating the properties of 
the pore space in detail revealing and visualizing significant 
pore interconnectivity differences between MIPs and NIPs. 
Furthermore, FIB/SEM tomography provides information on 
the pore surface and pore volume only limited by the 
achievable spatial resolution. Comparing FIB/SEM tomography 
data to BET/BJH measurements revealed a reasonable 
coincidence of the data sets. Finally, it was demonstrated that 
FIB/SEM tomography allows pinpointing the influence of 
chemical parameters on the finally obtained pore properties 
including the selection of cross-linker, and the influence of 
chemical treatment such as hydrolysis. Summarizing, an 
alternative method is presented for the characterization of the 
pore distribution, interconnectivity, and tortuosity enabling 
visualization of differences between imprinted and non-
imprinted polymers. Typically, only the absence of specific 
binding sites is considered relevant for differences in binding 
behavior between MIP and NIP. The present study clearly 
demonstrates that significant differences in pore structure and 
pore properties at the nanoscale may be of significant 
additional influence. The presented study is not limited to bulk 
polymerized polymers and will be used for spherical MIP 
particles in the future. 
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Experimental 
MIP synthesis 
Propranolol MIPs were synthesized using a bulk preparation 
protocol. Propranolol hydrochloride (Sigma) was converted to 
the free base by titration of an aqueous solution with 
concentrated sodium hydroxide solution. The precipitate was 
collected and dried. The propranolol free base was then 
dissolved in acetonitrile (Fisher Chemicals) and toluene (Acros 
Organics). Methacrylic acid (Sigma) as functional monomer, 
different ratios of divinylbenzene (DVB) (Aldrich) and ethylene 
glycol dimethacrylate (EGDMA) (Aldrich) were used as cross-
linkers (MIP0: 100% DVB; MIP40: 60% DVB, 40% EGDMA) and 
1,1'-Azobis(cyclohexanecarbonitrile) (ABCN) (Aldrich) as radical 
initiator were added. The mixture was degassed with nitrogen 
for 4 minutes and polymerized for 18 h at 95°C. After 
polymerization, the monolith was crushed and sieved, and the 
fraction with particle sizes of 25-63 μm was separated for 
analysis. The template was removed by excessively washing 
the polymer fraction with 90% methanol (Fisher Chemicals) 
and 10% acetic acid (Fisher Chemicals), and finally with pure 
methanol in tubes under gentle rocking. The particles were 
then dried in a vacuum oven (Gallenkamp) at 40°C prior to 
usage. The non-imprinted (NIP) particles were prepared in the 
same way without adding propranolol-free base to the 
reaction mixture. 400 mg fractions of the synthesized 
polymers were hydrolyzed by adding 20 mL of a 3.66 M KOH 
solution (MeOH / H2O; 2:1 (v/v)) and heating to 60°C over 
night in sealed vials. The particles were then washed with 50% 
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methanol 50% water followed by 80% methanol 20% acetic 
acid, and finally, by pure methanol. 
Sample preparation and FIB/SEM tomography procedure 
Small portions of the MIP and NIP particles were placed 
overnight in a sealed container together with an osmium 
tetroxide crystal. Osmium tetroxide is highly volatile and forms 
an OsO4-enriched vapor, which “stains” the polymer matrix of 
the MIP and NIP, respectively by reacting with double bonds of 
the sample
36
 Such a treatment enriches osmium (Os) within 
the polymer network and therefore enhances the contrast 
achievable in the recorded SE images (Fig.1 c).
38
 After the 
modification with Os, all samples were embedded in Epon 
epoxy (Sigma Aldrich) using small Eppendorf vials by 
polymerization at 60 °C within 72 h. The resulting Epon blocks 
were cut using a diamond knife to obtain a sample of approx. 
1x1 cm width and a thickness of 1mm with a flat, smooth 
surface. After cutting, the samples were sputtered with an 
approx. 3-4 nm thick platinum layer to reduce eventual 
charging effects during FIB/SEM. 
Swelling studies were performed with MIP0 and NIP0 polymer 
particles using a Zeiss Axio Scan.Z1 microscope. The surface 
area of the same grains prior and after embedding were 
marked and measured using Fiji software package
39
.  
FIB/SEM tomography was performed using a Helios Nanolab 
600 (FEI Company, NL). First, an approximately 700 nm thick 
additional platinum protection layer was deposited via ion 
beam induced deposition (IBID) with methylcyclopentadienyl 
trimethyl platinum (C9H16Pt) as precursor. The sample surface 
was modified in two steps, first for 5 min deposition was 
performed with 30kV and 48pA to avoid sputtering of the 
sample surface, then the current was raised to 0.28 nA to 
accelerate the deposition process. The two-step deposition 
process avoids the formation of holes just beneath the 
protection layer at the sample surface. These holes 
dramatically increase the probability of curtaining artifacts 
during the milling process. In a next step, a wedge was 
excavated at 30 kV and 9.3 nA. The front perpendicular facet 
towards the surface was cleaned from residual and amorphous 
material using stepwise smaller beam currents down to 0.28 
nA. 
FIB/SEM Tomography was performed using the ‘slice-and-
view’ software package (FEI Company) (as schematically shown 
in Fig 1a). Automated serial milling was obtained at 30 kV and 
48 pA and secondary electron (SE) image were acquired at 5kV 
and 86 pA using the immersion mode and the through the lens 
detector (TLD) of the microscope. A volume of 2.5 x 2.5 x 0.73 
µm was investigated in each sample with a resolution of 3.57 x 
3.57 x 5 nm (voxel size). 
 
 
Data processing 
All image stacks were processed the same way using the free 
software package Fiji.
39
 The first step was the alignment of all 
images within a stack using the plugin “Linear Stack Alignment 
with SIFT” with an expected transformation of a translation 
avoiding turning of the images during the alignment process.
40
 
After alignment, a FFT bandpass filter was applied to all stacks 
for correction of differences in the image brightness 
(shadowing effects) and to enhance contrast in all images. In a 
third step, all image stacks were binarized by a certain thres-
hold. The grey value for the threshold was set half of the grey 
value of the peak in the stack histogram (see Fig 2c). 
Quantitative data concerning volume and surface area of the 
pore space was obtained using the “3D object counter” plugin 
included in Fiji to the processed image stacks.
41
 Pore space 
distribution data was achieved by using the “local thickness 
(masked, calibrated, silent)” plugin programmed by Bob 
Dougherty
42
 on each binarized image stack. 3D visualization of 
the image stacks was done with Avizo 9.1.0 Lite (FEI Company). 
The isolated pore space shown in Fig. 4 and 5 was achieved by 
removing all pixels that have a connection to the lateral faces 
of the sampled volume. Visualization of connecting pores as 
shown in Fig. 4 & 5 was achieved by highlighting an individual 
pore at the front face of the sampled volume and all black 
pixels connected to that marked area in 3D.   
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FIB and MIP: Understanding Nanoscale Porosity in Molecularly 
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TemplatePropranolol Functional monomer Methacrylic acid
(MAA)
Cross  linker 
Divinylbenzene
(DVB)
Crosslinker 
Ethylene glycol 
dimethacrylate
(EGDMA)
Hydrolyzation
Potassium 
hydroxide
(KOH)
MIP0 Yes
(1.61 mmol)
Yes
(6.44 mmol)
100%
(30.93 mmol)
0%
(-)
no
MIPH0 Yes
(1.61 mmol)
Yes
(6.44 mmol)
100%
(30.93 mmol)
0%
(-)
yes
MIPH40 Yes
(1.61 mmol)
Yes
(6.44 mmol)
60%
(18.56 mmol)
40%
(12.37 mmol)
yes
NIP0 no Yes
(6.44 mmol)
100%
(30.93 mmol)
0%
(-)
no
NIPH0 no Yes
(6.44 mmol)
100%
(30.93 mmol)
0%
(-)
yes
NIPH40 no Yes
(6.44 mmol)
60%
(18.56 mmol)
40%
(12.37 mmol)
yes
Table 1: Composition of investigated molecularly imprinted polymers (MIPs) imprinted for propranolol
Electronic Supplementary Material (ESI) for Nanoscale.
This journal is © The Royal Society of Chemistry 2017
Figure S1: Flow chart for evaluating the pore space distribution using FIB/SEM tomography
Figure S2: Exemplary rebinding curve for MIP40 and NIP40 using filter plate incubation. Data were obtained using a 
conventional UV well plate reader at 290 nm (N = 3). Isotherms fitted using Prism 5 software and the implemented analyzing 
tool with “one site – specific binding” (equates Langmuir isotherm) model.
Figure S3: 3D visualization of pore space presented in transparent blue for MIP0 in a) and c), and MIPH0 in b) and d). 
The highlighted pores in red color presented in a) and b) show pore space, which is isolated within the sampled 
volume. None of these pores have a connection to the front facet of the sampled volume. In c) and d), large 
interconnected pore spaces are marked with the same color with sections that are connected to each other, and to 
the front facet. MIP0 pore space marked in c) shows a network, which is distributed among the entire sampled 
volume as do the MIPH0 networks marked in d). There is no significant difference between both pore networks visible 
in terms of interconnectivity.
Figure S4: 3D visualization of pore space presented in transparent blue for NIPH0 in a) and c), and NIPH40 in b) and d). The highlighted pores in red color presented in a) and b) show pore space, which is isolated within the sampled volume. None of these pores have a connection to the front facet of the sampled volume. In c) and d), large interconnected pore spaces are marked with the same color with sections that are connected to each other, and to the front facet. NIPH40 shows much more isolated pore space than NIPH0.
Figure S5: 3D visualization of pore space presented in transparent blue for NIP0 in a) and c), and NIPH0 in b) and d). The highlighted pores in red color presented in a) and b) show pore space, which is isolated within the sampled volume. None of these pores have a connection to the front facet of the sampled volume. In c) and d), large interconnected pore spaces are marked with the same color with sections that are connected to each other, and to the front facet. As for their MIP counter parts NIP0 and NIPH0 show no significant difference in pore space connectivity.
